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Notchcell fate decisions in the dorsal and lateral mesoderm of Drosophila melanogaster
depend on the antagonistic action of the Gli-like transcription factor Lame duck (Lmd) and the zinc ﬁnger
homeodomain factor Zfh1. Lmd expression leads to the reduction of Zfh1 positive cell types, thereby
restricting the number of Odd-skipped (Odd) positive and Tinman (Tin) positive pericardial cells in the dorsal
mesoderm. In more lateral regions, ectopic activation of Zfh1 or loss of Lmd leads to an excess of adult muscle
precursor (AMP) like cells. We also observed that Lmd is co-expressed with Tin in the early dorsal mesoderm
and leads to a reduction of Tin expression in cells destined to become dorsal fusion competent myoblasts
(FCMs). In the absence of Lmd function, these cells remain Tin positive and develop as Tin positive pericardial
cells although they do not express Zfh1. We show further that Tin repression and pericardial restriction in the
dorsal mesoderm facilitated by Lmd is instructed by a late Decapentaplegic (Dpp) signal that is abolished in
embryos carrying the disk region mutation dppd6.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe early developmental processes that generate dorsal mesoder-
mal derivatives including heart and dorsal musculature are highly
conserved between invertebrate and vertebrate species at the
molecular level (Cripps and Olson, 2002; Zaffran and Frasch, 2002).
In particular, Drosophila has emerged as one of the most useful model
systems to gain insights into the processes of heart and muscle
speciﬁcation and development due to its limited number of cells
involved in organogenesis and the accessibility for genetic manipula-
tion. Considerable knowledge has indeed been gained about the
distinction between heart and somatic musculature at early stages,
while the later events of cell diversiﬁcation are understood mainly
with respect to certain lineages such as the dorsal somatic muscle
founder cells or particular cardioblasts that share a common ancestor
with speciﬁc pericardial cells. In these cases, the distinction between
neighboring tissues (heart and somatic musculature) involves inher-
itability of certain cell fates and is accompanied by the expression of
one or several speciﬁc cell identity factor(s) like Ladybird (Lb), Even-(A. Paululat).
l rights reserved.skipped (Eve), Muscle homeodomain factor (Msh) or Krüppel (Kr)
(Fujioka et al., 2005; Jagla et al., 1997; Nose et al., 1998; Ruiz-Gómez
and Bate, 1997). For the less well understood population of fusion
competent myoblasts (FCMs) and some subgroups of the pericardial
cells (PCs), no bona ﬁde lineage speciﬁc identity genes are known.
Although the Gli-like transcription factor Lame duck (Lmd) is the key
factor for the speciﬁcation and differentiation of FCMs (Duan et al.,
2001; Furlong et al., 2001; Ruiz-Gómez et al., 2002), its expression is
not per se lineage dependent. While only one progenitor of founder
cells is singled out from a so called competence ﬁeld in the mesoderm
(see below), Lmd expression is initiated in a larger group of cells (Duan
et al., 2001; J. Sellin and M. Drechsler, unpublished data). Boundary
restriction of adjacent tissues can be accomplished without lineage
restriction; in this case, the different cell fates are not inheritable and
require ongoing signaling to adjust cell fate to cell position (Irvine and
Rauskolb, 2001). Recent evidence shows that the separation between
fusion competent myoblasts and pericardial cells (with the exception
of the even-skipped positive pericardial cells=EPCs) follows this mode
of cell fate restriction and is dependent on Dpp signaling (Johnson et
al., 2007; the present study).
Cell fate decisions in the mesoderm are in part facilitated by Notch
signaling. The so called “neurogenic genes” that are involved in the
Notch (N) pathway have been very well described with regard to their
function in speciﬁcation of neural progenitor cells (for reviews see
445J. Sellin et al. / Developmental Biology 326 (2009) 444–455Baker, 2000; Kiefer et al., 2005). More recently, similar functions of the
neurogenic genes have been reported for muscle differentiation
(Baker and Schubiger, 1996; Carmena et al., 1998; Corbin et al., 1991;
Fuerstenberg and Giniger, 1998; Giebel, 1999; Park et al., 1998; Ruiz-
Gómez and Bate, 1997). As in neurogenesis, the Notch receptor also
facilitates two well known processes during myogenesis, namely
lateral inhibition and asymmetric cell division, which lead to the
diversiﬁcation of an initially equivalent group of mesodermal cells.
During asymmetric cell division, the Notch pathway is actively shut
down in one sibling as a result of the distribution of the N antagonist
Numb into only one daughter cell (Carmena et al., 1998; Park et al.,
1998; Ruiz-Gómez and Bate, 1997). The multiadapter protein
Inscutable (Insc) is known to be essential for the biased distribution
of Numb in themother cell (Carmena et al., 1998; Kraut et al., 1996; Tio
et al., 1999). Therefore, loss of Insc function leads to randomly
distributed Numb protein and inactivation of the N pathway in both
siblings.Fig. 1. Embryos mutant for lmd show a pericardial hyperplasia phenotype (A, B) Dorsal view o
lmd mutant embryo, ectopic Zfh1 positive pericardial cells and AMP like cells (arrow) are
pericardial cells is also increased (arrowhead), while Tin positive cardioblasts (double arrow
express Zfh1 in lmdmutant embryos (asterisk in inset in panel B). (C, D) Staining for Odd pro
the lmdmutant embryo, while too many Odd positive pericardial cells (arrowhead) are prese
protein. A normal number of EPCs, DA1 founders (marked by anti-Eve staining) and DO2 foun
mononucleated due to the absence of fusion competent cells in panel F. (G, H) Stage 14 embr
made in rabbit, so the staining was done sequentially. Tin/Zfh1 positive and Zfh1 positive ce
Zfh1 in the green channel only. The cardioblasts express Tin, but not Zfh1 or Prc in both wild
wild type and lmdmutant embryos (arrowhead), while some cells express Tin and Prc, but n
can not exclude the possibility that individual Tin positive/Zfh1 negative cells do not expreMuch less is known about early N activity in the heart. Indirect
evidence indicates that cardiac progenitors are selected from
uncommitted mesodermal cell groups within the dorsal mesoderm
through N dependent lateral inhibition (Hartenstein et al., 1992;
Mandal et al., 2004). Subsequently, asymmetric cell divisions give rise
to pericardial cells and cardioblasts. In general, the development of
myogenic cardioblasts depends on the inactivation of the N signal,
while non-myogenic PCs need active N signaling (Albrecht et al., 2006;
Han and Bodmer, 2003).
To date, most studies have focused on the diversiﬁcation of cells
following inheritable lineages, such as cardioblasts, founders and
asymmetric pericardial lineages, most of which are dependent on
deactivation of the Notch pathway. By contrast, little is known about
the distinction between FCMs and PCs, which develop under the
inﬂuence of Notch signaling. Herein we provide evidence that these
cell fates are interchangeable and that cell fate decisions depend on the
antagonistic input of Lmd and zinc ﬁnger homeodomain factor 1f stage 16 wild type and lmdmutant embryos stained for Tin and Zfh1 expression. In the
present. At higher magniﬁcation (insets) it is revealed that the number of Tin positive
) are normal in lmd mutant embryos. Some ectopic Tin positive pericardial cells do not
tein and the handC- GFP reporter reveals that cardioblasts (double arrow) are normal in
nt, all of which also express handC- GFP. (E, F) Stage 13 embryos stained for Eve and Runt
ders (marked by anti-Runt staining) is present in the lmdmutant although the cells stay
yos stained for Tin, Zfh1 and Prc protein. The antibodies against Tin and Zfh1 were both
lls were therefore detected in the green and blue channels, Tin expressing cells without
type and lmdmutant embryos (double arrows). Pericaridal cells express Zfh1 and Prc in
ot Zfh1 in lmdmutant embryos (asterisk in panel H). Since Prc is a secreted protein, we
ss Prc themselves, but lie adjacent to cells that do.
Table 1
Odd expressing cells in the dorsal mesoderm
Genotype Mean number ±s.d. (n) t-test result
Wild type 97.8 ±8.5 (6) –
Lmd 206.3 ±9.4 (6) b0.001a
Insc 60.0 ±8.5 (5) –
insc;lmd 161.0±19.6 (4) –
twiNLmd 34.8±4.2 (4) b0.001a
mad1–2 84.2±5.0 (6) 0.009a
mad1–2;lmd 161.3±14.2 (6) b0.001b
LENDpp 84.1±11.5 (7) 0.009a
LENDpp;lmd 229.8±21.1 (6) 0.042b
s.d.: standard deviation.
Counted were all dorsal mesodermal Odd expressing cells in stage 16–17 embryos
(n=number of individuals). Signiﬁcant p-values in bold. Signiﬁcance cut-off (α-level) at
0.01.
a t-test vs. wild type.
b t-test vs. lmd.
446 J. Sellin et al. / Developmental Biology 326 (2009) 444–455(Zfh1). In the absence of Lmd, potential FCMs are converted into
pericardial cells (PCs) or adultmuscle precursor (AMP) like cells. In this
process, dorsal FCMs deriving from the dorsal, Tin positive mesoderm
adopt PC fates, due to prolonged Tin expression in the absence of Lmd.
We also show that repression of Tin in dorsal FCMs is instructed by a
late Dpp signal interpreted by Lmd, although Lmd expression is
independent of Dpp signaling. Altogether, our results implicate that, in
addition to its function as activator of FCM speciﬁc genes, Lmd is
involved in cell fate decisions in combined action with Tin and Zfh1,
thereby generating and maintaining cell diversity within the Notch
dependent tissues of the Drosophila melanogaster mesoderm.
Materials and methods
Drosophila stocks
w1118 was used as the wild type control. Speciﬁc alleles used in this
study were lmd1 (Duan et al., 2001), mad1–2 (Wiersdorff et al., 1996),
kuzR1–4 and mamS2–29 (Hummel et al., 1999), dppd6 (St Johnston et al.,
1990), zfh12 (Lai et al., 1993). Other stocks used were SG24 (twi-Gal4,
from A. Michelson), LE-Gal4 (Glise and Noselli, 1997), handCA-Gal4 (nt
1–704 of the hand third intron cloned into pGawB; drives Gal4
expression in all embryonic heart and lymph gland cells from stage 12
onwards, unpublished from D. Popichenko), 24B-Gal4 (Brand and
Perrimon, 1993), UAS-zfh1 (from A. Postigo, unpublished, obtained
from Bloomington), UAS-lmd (H.T. Nguyen, unpublished), UAS-dpp
(from M. Leptin). Blue balancers were used and homozygous mutants
were identiﬁed by the absence of LacZ expression.
Antibody staining and in situ hybridization of whole-mount embryos
Embryos were collected from grape juice agar plates and
dechorionated in 50% DanKlorix (Colgate Palmolive), than ﬁxed in a
mixture 1:1 (v/v) of PBS, containing 50 mM EGTA and 9% formalde-
hyde (methanol-free, Polysciences Inc.), and heptane for 25 min at
room temperature. Devitellinization was performed by shaking in 1:1
(v/v) methanol and heptane. Primary antibodies used were rabbit
anti-Tin (1:500, Yin and Frasch, 1998), mouse anti-Zfh1a (1:300, Lai et
al., 1991), rabbit anti-Zfh1 (1:200, from R. Lehmann), rat anti-Odd
(1:300, Kosman et al., 1998), rabbit anti-Odd (1:500,Ward and Coulter,
2000), mouse anti-Eve (1:5, Developmental Studies Hybridoma Bank
DSHB), rat anti-Runt (1:200, Kosman et al., 1998), rabbit anti-Svp
(1:200, Ryan et al., 2005), rabbit anti-Twi (1:500–1000, from H. A.
Müller), rabbit anti-pH3 (1:300, Upstate Biotechnologies), guinea pig
anti-Kr (1:300, Kosman et al., 1998), mouse anti-Lbe (1:5, Jagla et al.,
1997), rabbit anti-Lmd (1:500, Duan et al., 2001), guinea pig anti-
β3Tub (1:5000, Leiss et al., 1988), mouse anti-Lamin (1:100, DSHB).
Secondary antibodies were coupled with biotin for use with the
Vectastein Elite ABC Kit (VectorLabs) or TSA Cy3 Kit (Perkin Elmer).
Secondary antibodies coupledwith Cy2, Cy3, Cy5 (Dianova), Alexa 488
or Alexa 633 (Molecular Probes) were also used. In situ hybridizations
were performed as described in Duan et al. (2001).
Confocal images were captured with a Zeiss LSM 5 Pascal confocal
microscope. Z-stacks are depicted as maximum projections if not
denoted otherwise. Immunohistochemical stainings were documented
with a Zeiss camera mounted on a Zeiss Axioskop2. Staining for dying
cells was done as described by Abrams et al. (1993) with Nile Blue A.
Cell counts and statistics
Embryos of each genotype were stained with anti-Odd and
confocal Z-stacks were captured as described above. All dorsal
mesodermal Odd expressing cells of stage 16–17 embryos were
counted. The statistical signiﬁcance of the differences between
genotypes was assayed with unpaired, two-tailed t-tests. Signiﬁcance
cut-off (α-level) was deﬁned as 0.01.Results and discussion
Loss of Lame duck (Lmd) leads to an increase of pericardial cells and
adult muscle precursor like cells
In embryos lacking Lmd function, staining for zinc ﬁnger homeo-
domain factor 1 (Zfh1) expression reveals a pericardial hyperplasia
phenotype and a general excess of Zfh1 positive mesodermal cells
(Figs. 1A and B). In wild type embryos, three types of pericardial cells
(PCs) are described: Tin positive (TPCs), Odd positive (OPCs) and Eve
positive (EPCs) pericardial cells (Alvarez et al., 2003; Su et al., 1999;
Ward and Skeath, 2000), all of which express Zfh1 and the handC- GFP
reporter (Han et al., 2002; Johnson et al., 2003; Sellin et al., 2006).
Closer inspection of the pericardial cells in lmd mutant embryos
revealed that the number of TPCs and OPCs is dramatically increased
(Figs. 1A–D), while the number of EPCs is normal (Figs. 1E and F). All
OPCs co-express the handC- GFP reporter and Zfh1 in wild type and
lmdmutant embryos (Figs. 1C and D, and data not shown). In contrast,
a considerable number of ectopic Tin positive cells, though positive for
handC- GFP, do not express Zfh1 in lmdmutant embryos (Figs.1B inset,
4H and data not shown). The absence of β3Tubulin expression in these
cells is consistent with earlier reports in which a normal set of
cardioblasts was described in lmd mutant embryos (data not shown
and Duan et al., 2001; Ruiz-Gómez et al., 2002). To decidewhether the
Zfh1 negative/Tin positive cells are atypical pericardial cells or dorsal
mesodermal cells that fail to differentiate, we conducted a triple
staining for Tin, Zfh1 and Pericardin (Prc), a collagen that is secreted
by differentiated pericardial cells (Chartier et al., 2002). We observed
Prc protein surrounding all Tin positive/Zfh1 negative cells, suggesting
that they are ectopic pericardial cells (Figs. 1G and H). However, due to
the fact that Prc is a secreted proteinwe can not rule out the possibility
that there might be occasional Tin positive/Zfh1 negative cells in lmd
mutant embryos which do not express Prc themselves, but remain in
an uncommitted, dorsal mesodermal state.
For further analysis of the ectopic pericardial cells, we counted the
number of OPCs in stage 16–17 embryos. As shown in Table 1, an
average of 206.3 OPCs was observed in lmd mutant embryos as
compared to 97.8 in wild type embryos, thereby representing a ∼2-
fold increase. It has been reported that the Odd subgroup of
pericardial cells (OPCs) originates from two different lineages: a
symmetric lineage (two OPCs from one precursor) and an asymmetric
lineage (two OPCs from two precursors), adding up to a total of four
OPCs per hemisegment (Ward and Skeath, 2000). Of note, the siblings
of the asymmetrically derived OPCs, the Seven-up (Svp) positive
cardioblasts, are normal in lmd mutants, thus suggesting that the
asymmetrically derived OPCs do not contribute to the lmd phenotype
(Supplemental Figs. S1A–D). Since the two different types of OPCs can
not be distinguished directly because the anti-Svp antibody stains
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later stages, we measured their abundance in lmd mutants indirectly.
We utilized the fact that in inscutable (insc) mutants, asymmetric cell
division fails, and all siblings of the asymmetric OPC lineage become
Svp positive cardioblasts (Carmena et al., 1998; Popichenko and
Paululat, 2004). The difference in OPC number between insc; lmd and
lmd mutant embryos therefore corresponds to the number of
asymmetrically derived OPCs in lmd mutant embryos. We observed
a loss of ∼45 OPCs in insc; lmd double mutant embryos as compared
to lmd mutant embryos (Table 1). This number is reasonably close to
the number of ∼38 OPCs that are lost in insc mutant embryos when
compared to wild type embryos (Table 1). In addition, the number of
Svp positive precursors, which give rise to the asymmetric Odd
lineage, is normal in lmd mutant embryos at early stage 13 (data not
shown). Altogether, these data strongly support our initial hypothesis
that there is the normal amount of asymmetrically derived OPCs in
lmd mutant embryos and the phenotype is not caused by a failure of
asymmetric cell division.
An excess of Zfh1 positive cells was also observed in the lateral
mesoderm of lmd mutant embryos (Figs. 2A and B), where it is
normally expressed in the adult muscle precursor cells (AMPs) (Lai et
al., 1991). These imaginal myogenic cells retain Twist (Twi) expression,Fig. 2. lmdmutant embryos display ectopic AMP like cells and increased cell death, but no ov
for Zfh1 and Twi expression. The AMPs co-express Zfh1 and Twi (arrow), PCs express only Zf
with anti-pH3 marks dividing cells and reveals no extra cell divisions in stage 12 lmd mu
differences are still not detectable betweenwild type (E) and lmdmutant embryos (F). (G, H)
of cell death in lmdmutant embryos. Nile Blue is a vital dye, therefore co-staining with antib
staining cells in the trunk region of the lmd mutant embryo is apparent.but do not express any other myogenic genes in the embryo (Bate et
al., 1991). Instead, they are maintained in a less differentiated state
during embryogenesis and are dormant until metamorphosis, when
they start to differentiate and give rise to the adult musculature of the
ﬂy (Broadie and Bate,1991; Dutta et al., 2004; Dutta et al., 2005). In the
embryo, they are arranged as groups of cells in the thoracic segments,
while six solitary cells (one dorsal, two dorsolateral, two lateral and
one ventral) are present in the abdominal hemisegments (Bate et al.,
1991) (Fig. 5M). It was reported earlier that toomany Twi positive cells
persist in the lateral mesoderm of lmd mutant embryos (Ruiz-Gómez
et al., 2002). Together with the fact that both Zfh1 and Twi are present
in AMPs in the wild type, it appeared likely that both factors are also
co-localized in embryos mutant for lmd. Indeed, double staining for
Zfh1 and Twi showed a complete overlap in the lateral mesoderm and
conﬁrmed that both populations of ectopic cells are identical (Figs. 2A
and B). They also express the gene holes in muscles (him) which is
another marker speciﬁc for AMPs (Liotta et al., 2007) (Figs. 4K and L,
and data not shown). For further characterization, we analyzed the
expression patterns of several myogenic markers in lmd mutant
embryos. We could not detect expression of the muscle speciﬁc genes
myocyte enhancing factor 2 (Mef2), β3 Tubulin or the reporter rP298
(Duf-lacZ) in Twi/Zfh1/Him positive cells (data not shown).erproliferation (A, B) Lateral view of stage 13 wild type and lmdmutant embryos stained
h1 (arrowhead). Both cell types are increased in the lmdmutant embryo. (C–F) Staining
tant embryos (D) as compared to wild type (C). After germband retraction (stage 13),
Staining of stage 14 embryos for dying cells (with Nile Blue A) reveals an increased level
odies to allocate the signal to distinct tissues is not possible, but an increase of Nile Blue
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muscle development in myoblasts that are not yet differentiated (Bate
et al., 1991). Zfh1, which has been implicated in the repression ofmef2
(Postigo et al., 1999), might help in keeping AMPs in the undiffer-
entiated state until metamorphosis. The gene him, which is also
expressed in AMPs, was recently reported to be involved in
maintaining cells in an undifferentiated state by inhibiting the
myogenic signal provided by Mef2 function (Liotta et al., 2007).
Consequently, the ectopic Zfh1/Twist/Him positive cells in the lmd
mutant embryos are likely to be cells with myogenic potential, as are
the endogenous AMPs (Figeac et al., 2007), and hence can be
considered to be ectopic AMP like cells. To assess if enhanced
proliferation is also involved in generating an increased amount of
cells in lmdmutant embryos, we stained for phosphorylated Histone 3
(pH3), which speciﬁcally marks dividing cells. Over-proliferation in
the dorsal and lateral mesoderm was not observed in lmd mutant
embryos when compared to wild type embryos (Figs. 2C–F). Although
there is a considerable number of the additional, AMP like cells that
persist until the end of embryogenesis, their number is reduced
between stage 13 and 16/17 (compare Figs. 2B and 1B). Staining with
Nile Blue A revealed a general excess of dying cells during these
stages in lmd mutant embryos as compared to wild type, suggesting
that not all ectopic cells survive until the end of embryogenesis
(Figs. 2G and H).
The supernumerary PCs and AMPs originate from the population of
fusion competent myoblasts
While no generalmyogenic genes are expressed in the ectopic AMP
like cells, we were however able to show co-localization of Zfh1 and
lmd mRNA in the somatic mesoderm of lmd mutant embryos, whichFig. 3. Ectopic PCs and AMP like cells in lmd mutant embryos originate from the FCM popula
normal pattern in lmdmutant embryos as compared to wild type at stage 13. Co-staining wi
lmdmutant embryos (B inset, arrowhead), but not in endogenous AMPs inwild type and lmd
overlap in the dorsal mesoderm at stage 12 in wild type (C) and lmdmutant embryos (D). (E
lmdmutant embryos (arrowheads in F, inset), but no longer inwild type (E, inset). The cardio
show single optical sections to ascertain co-localization.is not observed inwild type embryos (Figs. 3A and B). In the wild type,
lmd is expressed in fusion competent myoblasts (FCMs), which fail to
differentiate in the absence of Lmd function (Duan et al., 2001; Ruiz-
Gómez et al., 2002). lmd mRNA is transcribed in a normal pattern in
lmdmutant embryos (Fig. 3B). In situ hybridizationwith a lmd speciﬁc
riboprobe therefore allowed us to visualize the population of cells
destined to become FCMs, although they do not express any other FCM
speciﬁc genes in lmd mutant embryos (Estrada et al., 2006). Since the
ectopic Zfh1 positive cells co-express lmd mRNA (Fig. 3B, inset), we
conclude that the ectopic AMP like cells in lmd mutant embryos
originate from the FCM population and adopt AMP like characteristics
instead. They are therefore generated by cell fate conversions, which is
consistent with our observation that there are no additional cell
divisions in lmd mutant embryos.
In the dorsal mesoderm of lmd mutant embryos, the additional
Zfh1 positive cells express Tin or Odd and Prc, indicating differentia-
tion as pericardial cells (see above). Pericardial cells usually develop
from the dorsal cardiac mesoderm speciﬁed by Tin expression, while
the somaticmusculature is situatedmore laterally and is characterized
by prolonged Twi expression. To address the question of whether a
conversion of FCMs into PCs could also account for the pericardial
hyperplasia phenotype in lmd mutant embryos in an analogous
fashion to the ectopic AMP like cells, we stained for Tin and lmd
mRNA. We reasoned that the ectopic Tin cells should also express lmd
mRNA if they originate from the pool of mis-speciﬁed FCMs. Indeed,
there is co-expression of lmdmRNA and Tin in ectopic pericardial cells
in stage 13 lmdmutant embryos (Fig. 3F, inset), indicating that cell fate
conversions from FCM to ectopic PC fate are responsible for the
observed pericardial hyperplasia phenotype.
Of note, there is a distinct overlap of lmdmRNA and Tin expression
in the dorsal mesoderm of stage 12 embryos, both in wild type andtion of cells. (A, B) in situ hybridizationwith a RNA probe speciﬁc for lmdmRNA shows a
th anti-Zfh1 antibody shows an overlap of Zfh1 with lmd expression in ectopic AMPs in
mutant embryos (insets, arrow). (C, D) Co-staining for lmdmRNA and Tin protein shows
, F) Same staining as in panels C, D of stage 13 embryos. Overlap can only be detected in
blasts are not affected (double arrows in panels E and F, insets). Panels C–F and all insets
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with the observed cell fate switch from FCM to PC fate and indicates
that in wild type embryos, dorsal FCMs are speciﬁed in the dorsal, Tin
positive mesoderm rather than the Twi positive somatic mesoderm.
Indeed, dorsal muscle phenotypes can be observed in embryosmutant
for tin (Bodmer, 1993), consistent with our conclusion that dorsalFig. 4. The number of PCs is inﬂuenced by the size of the dorsal Tin domain, while both ectopic
function. (A, B) Early stage 12 embryos overexpressing Lmd showa reduction of Tin expression
mark OPCs) and Twi protein (to mark AMPs) in stage 14 embryos. In the wild type, a single ro
are increased in number (compare D to C). In mad 1–2 embryos, the number of OPCs is decre
OPCs inmad1–2; lmdmutant embryos when compared to lmdmutant embryos (compare F to
mutation. (G–J) Staining for Tin protein and Zfh1 protein in stage 14 embryos reveals similar
embryos compared to wild type (compare H to G). Themad1–2mutation causes a decrease o
embryos as well as inmad1–2; lmd double mutant embryos, TPCs without Zfh1 expression ca
AMPs and PCs) and Krüppel (Kr) protein (speciﬁc for a subset of founders) reveals an increase
double mutant embryos (N). In kuz single mutant embryos, AMPs are completely absent and
(L), but increased in kuz and kuz; lmd (M, N). (O, P) Anti-Lbe antibody stains two lateral AMPs
These endogenous AMPs co-express Twist and Lbe, while ectopic AMPs in lmd mutant embr
founder is also Lbe positive (arrow).muscle cell types (i.e. FCMs) develop from the early dorsal mesoderm
speciﬁed by Tin expression: If this domain is not speciﬁed, it can not
generate dorsal FCMs (or other dorsal mesodermal derivatives, like
heart or visceral mesoderm).
Co-expression of Tin and lmd mRNA is no longer detectable after
germ band retraction (stage 13) in wild type embryos, but persists inAMP like cells and PCs develop due to the inﬂuence of N signaling in the absence of Lmd
and Zfh1 expression (B) as compared towild type (A). (C–F) Staining for Odd protein (to
w of OPCs and individual AMPs are visible, while in lmdmutant embryos both cell types
ased when compared to wild type (compare E to C). Consistently, there is a decrease of
D, see also Table 1). The number of AMPs does not seem to be inﬂuenced by themad1–2
effects as for OPCs with respect to TPCs. The number of TPCs is increased in lmdmutant
f TPCs both in wild type and lmd background (compare I to G and J to H). In lmdmutant
n be observed (asterisks in panels H and J). (K–N) Co-staining for himmRNA (speciﬁc for
d number of AMPs and PCs in lmdmutant embryos (L) and to a lesser degree in kuz; lmd
the number of PCs is reduced (M). The number of Kr positive founders is normal in lmd
(lAMPs) in the wild type (O), which are normal in lmdmutants (P) (curly brace, lAMPs).
yos express only Twi (encircled by dashed line in panel P). The segment border muscle
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14–15) (Figs. 3E and F). Thus, it seems that repression of Tin in the
dorsal mesoderm depends on the presence of Lmd protein. To
substantiate this observation, we overexpressed Lmd in the whole
mesoderm with the twi-Gal4 driver to assess its inﬂuence on Tin
expression. Indeed, we observed a reduction of Tin expression in stage
12 embryos overexpressing Lmd compared to wild type (Figs. 4A and
B), further conﬁrming a negative inﬂuence of Lmd onTin expression in
the dorsal mesoderm. At later stages, the number of TPCs (and OPCs)
remains reduced, while the cardioblasts are not affected (for further
discussion see below; Figs. 5C, E, I and K, and Table 1). We therefore
propose a model inwhich the initial dorsal mesoderm speciﬁed by Tin
expression is subdivided by Lmd into cardiac mesoderm and dorsal
musculature by repression of Tin in lateral regions and induction of a
myogenic differentiation program instead. During this process, TinFig. 5. Lmd and Zfh1 have antagonistic functions in mesodermal cell fate decisions. (A, B) Ove
(arrowhead) as revealed by anti-Zfh1 staining of stage 13 embryos as compared towild type e
mutant embryos, embryos overexpressing Lmd, and zfh1 mutant embryos. An anti-Odd stai
increase of OPC number in the lmd mutant embryo (D). (G, H) The number of progenitors fo
wild type (G). (I–L) Comparison of the number of TPCs in stage 16 wild type embryos, lmd
staining shows a reduction of TPCs in twiNLmd (K) and zfh1 (L) embryos, in contrast to an inc
of the twi-Gal4 driver leads to a mildly increased amount of AMPs as revealed by staining for
and two lAMPs, respectively) aremarked in one hemisegment by curly braces (M). Identities o
increased number and slightly misarranged pattern. An individual dorsal patch of four AMPsexpression is maintained only in the cells that are destined to become
pericardial cells (or cardioblasts), while Tin is repressed by Lmd in the
dorsally localized FCMs. Loss of Lmd function consistently leads to an
increased amount of Tin positive cells in the dorsal mesoderm from
stage 13 onwards, which then can differentiate as ectopic pericardial
cells as indicated by the expression of Prc (Figs. 1G and H). Taken
altogether, our data suggest that, in the absence of Lmd function, the
pool of unspeciﬁed FCMs can develop as ectopic PCs in the Tin-
positive dorsal mesoderm and as AMP-like cells in the lateral and
ventral mesoderm. However, increased cell death, and the possibility
that a small number of ectopic Tin positive cells might exist without
Prc/Zfh1 expression as mentioned earlier, suggest the possibility that
not all cells of the FCM population follow alternative cell fates. Instead,
some cells might remain in an uncommitted mesodermal state in lmd
mutant embryos.rexpression of Lmd with a heart speciﬁc driver (B) leads to reduction of pericardial cells
mbryos (A). (C–F) Comparison of the number of OPCs in stage 16wild type embryos, lmd
ning shows a reduction of OPCs in twiNLmd (E) and zfh1 (F) embryos, in contrast to an
r the OPCs is already reduced at early stage 13 in twiN lmd embryos (H) as compared to
mutant embryos, embryos overexpressing Lmd, and zfh1 mutant embryos. An anti-Tin
rease of TPCs in the lmdmutant embryo (J). (M, N) Overexpression of Zfh1 under control
Twi. In the wild type, the dorsal, dorsolateral and lateral AMPs (one dAMP, two dlAMPs
f individual AMPs are not so clearly distinguishable in twiNZfh1 embryos (N) due to their
(as compared to a single dAMP in wild type) is also marked by a curly brace in panel N.
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sible for the speciﬁcation of cardiac cell types by maintaining Tin
expression solely in the dorsal mesoderm (Frasch, 1995; Lockwood
and Bodmer, 2002; Xu et al., 1998; Yin and Frasch, 1998; Yin et al.,
1997), while Twist activity in the lateral and ventral mesoderm leads
to the development of the somatic musculature (Baylies and Bate,
1996; Borkowski et al., 1995; Riechmann et al., 1997). To test if reduced
Dpp signaling has a similar effect on PC number as overexpression of
Lmd, by reducing the size of the Tin domain, we analyzed embryos
carrying the mutationmad1–2.mad1–2 is a weak hypomorphic allele of
the Dpp effector Mad and causes larval lethality (Wiersdorff et al.,
1996), thereby allowing us to observe late stages of embryogenesis.
Indeed, we observed a decreased number of OPCs and TPCs in mad1–2
mutant embryos, without any effect on cardioblast number, as is the
case when overexpressing Lmd (Figs. 4C–J and Table 1; compare Figs.
4E and I with Figs. 5E and K, respectively). Of note, the number of OPCs
is decreased to a similar extent inmad1–2; lmd double, as compared to
lmd single mutant embryos (∼1.2-fold, Table 1). Therefore, we
conclude that in the presence of the hypomorphic mad1–2 mutation,
the dorsal mesoderm that is speciﬁed by Dpp-dependent Tin
expression is reduced, resulting in a reduction of PCs in a Lmd
independent manner. However, Lmd further restricts the number of
PCs in the mad1–2 mutant background, as revealed by an increased
number of PCs and the presence of TPCs without Zfh1 expression in
mad1–2; lmd double mutants when compared to mad1–2 single
mutants (Figs. 4H and J and Table 1).
Pericardial cells share their developmental origin with the
myogenic cardioblasts in a similar fashion as AMPs with founder
cells in the somatic musculature. During lateral inhibition, Notch
activation promotes myogenic FCM fate as opposed to the progenitors
of founder cells in the lateral mesoderm or cardiogenic progenitors in
the dorsal mesoderm. Subsequently, during the process of asymmetric
cell division, Notch activation renders the daughter cell always non-
myogenic (PC or AMP fate). Although the AMPs have the potential to
develop into muscle cells duringmetamorphosis, we consider them as
non-myogenic in this context because they do not yet express any
myogenic genes, such as mef2, lmd or muscle structural genes in the
embryo (Bate et al., 1991; Broadie and Bate, 1991; Liotta et al., 2007). In
the case of pericardial cells, there is surprisingly little data available
about their physiological role. While it is knwon that the OPCs
contribute to the population of nephrocytes in postembryonic stages
(Das et al., 2008; Weavers et al., 2008), TPCs and EPCs are not
correlated with any function at all, and their developmental fate after
embryogenesis is still unknown. In a recent study, Tögel et al. (2008)
described the development of adult muscular structures, the so called
wing hearts, from a specialized subset of EPCs. This is the ﬁrst hint that
some pericardial cells might be considered as imaginal myogenic cells
in an analogous fashion to AMPs, and it highlights the necessity to
further characterize pericardial cells.
It is currently known that PCs and AMPs have in common a
dependency on active Notch signaling although they stem from
different cell lineages and mesodermal primordia (Tin vs. Twi
domain). FCMs, which adopt AMP or PC like characteristics in lmd
mutant embryos, also need active Notch signaling. In fact, Lmd is a
downstream target of N signaling and induces the FCM differentiation
program (Duan et al., 2001; Estrada et al., 2006). The observed lmd
phenotype could be explained if, in the absence of Lmd, Notch activity
always promoted AMP or PC (non-myogenic) fate, but not FCM fate,
independently of the original pathway that is involved (lateral
inhibition or asymmetric cell division). To assess this hypothesis,
double mutants for lmd and genes involved in the Notch pathway
were established. For our analysis we chose kuzbanian and master-
mind alleles because loss of either gene causes lethality only late in
embryogenesis due to a maternal component (Albrecht et al., 2006;
Rooke et al., 1996), thereby allowing the analysis of later events in
heart and muscle development. Both genes have also been wellstudied with respect to their molecular function and developmental
implications. Kuzbanian (Kuz) is an ADAM metalloprotease that is
known to process the Notch receptor following ligand binding (Lieber
et al., 2002; Pan and Rubin, 1997). Zygotic loss of function mutations
lead to defects in both lateral inhibition and asymmetric cell division
in heart and muscle development, although the phenotype is far
weaker than in embryos carrying N loss of function alleles (Albrecht et
al., 2006). mastermind (mam) is involved in transducing the Notch
signal (Fryer et al., 2004; Petcherski and Kimble, 2000; Yedvobnick et
al., 2004) and displays a stronger heart phenotype than kuz (Albrecht
et al., 2006) and a mild Notch-like muscle phenotype (Rusconi and
Corbin, 1998). We stained for expression of Krüppel (Kr) and him
mRNA, which are speciﬁc for a subset of muscle founders and AMPs/
PCs, respectively, and observed an increase of Notch negative cell
types, corresponding to founders, in the somatic mesoderm of kuz
mutant embryos. This is accompanied by a reduction of AMPs (Fig.
4M), conﬁrming the expected function of Kuz in facilitating N function
in muscle cell differentiation. Furthermore, the number of FCMs as
marked by Lmd expression is strongly reduced in kuz mutants,
although the effect is not as complete as in N loss of function alleles
(data not shown and Duan et al., 2001).
In kuz; lmd double mutant embryos, the increase of AMPs is milder
than in lmdmutant embryos (Figs. 4L and N), which is consistent with
a failure in lateral inhibition and a concomitant reduction of FCMs that
are available for conversion to AMPs. The number of Kr-positive
founder cells is increased to comparable levels in kuz and kuz; lmd
mutant embryos (Figs. 4M–N), suggesting that Notch inactive cell fates
(muscle founders and cardioblasts) are not inﬂuenced by the absence
of Lmd, and that Notch acts as a permissive signal to allow the cell fate
switch in lmd mutant embryos. mam; lmd double mutant embryos
display a similar phenotype (data not shown). Altogether, our ﬁndings
suggest that in the double mutants, a general reduction of cell types
with Notch activity (i.e. FCMs) occurs, followed by the conversion of
the remaining potential FCMs to AMP or PC fate under the inﬂuence of
N signaling in the absence of Lmd. Lame duck is present in stages 12–
14, which is later than the period during which Notch activity is
involved in facilitating cell fate decisions within the musculature
(Duan et al., 2001; Fuerstenberg and Giniger, 1998; Ruiz-Gómez and
Bate, 1997). Hence, it appears that Notch can promote AMP or PC fate
at a relatively late time point in the absence of Lmd.
We further wanted to know if the endogenous set of AMPs, which
develop through asymmetric cell divisions of muscle progenitors, is
speciﬁed correctly in lmd mutant embryos. For example, the lateral
AMPs are the siblings of the segment border muscle founder (SBM),
and share with the latter the expression of the identity factor Ladybird
early (Lbe) (Jagla et al., 1998). To discern ectopic cells and endogenous
AMPs in lmd mutant embryos, we co-stained for Lbe and Twi
expression. Indeed, the normal number of lateral AMPs, as marked
by Lbe expression, is present in lmd mutant embryos, while we
observed far too many Twi-positive cells in general. The latter are the
ectopic AMP like cells that are presumed to be recruited from the FCM
population (Figs. 4O and P). This observation further conﬁrms that
individual mesodermal lineages, such as the asymmetrically derived
OPCs (see above) or individual AMPs, are not inﬂuenced by the loss of
Lmd function.
The proposedmodel of cell fate switches frommyogenic FCM fate to
non-myogenic AMP like or PC fate, but not myogenic fates (cardioblasts
or founder cells), is consistent with the observation that Notch signaling
is often employed to delay or inhibit the differentiation of stem cells or
progenitor cells, especially in myogenesis. In vertebrates, Notch
signaling prevents satellite cells (muscle stem cells) from entering a
myogenic differentiation program in cell culture as well as in vivo, and
impaired upregulation of its ligandDelta-like 1 in satellite cells has been
correlatedwith adecreased capacityof agingmuscle tissue to regenerate
(Conboy et al., 2003). While our data are consistent with the general
function of Notch in preventing cells to enter the myogenic differen-
452 J. Sellin et al. / Developmental Biology 326 (2009) 444–455tiationprogramby promoting theAMPor PC fate, they also highlight the
special and unusual properties of Lmd - as a target ofNotch signaling - in
Drosophilamuscle development. Although it is activated by Notch, it has
the ability to inducemyogenic differentiation. Our data strongly suggest
that the AMP or PC fate is the default consequence of Notch signaling in
Drosophila myogenesis and that Lmd function overrules this signal to
induce the FCM differentiation program in lateral or dorsal competence
domains. It was shown byMandal et al. (2004), Hartenstein et al (1992)
and Albrecht et al. (2006) that N has a biphasic function in heart
differentiation analogous to the situation in the somatic mesoderm. At
an early phase, N activity restricts the number of the sumof CBs and PCs,
reﬂecting a function in the deﬁnition of early cardiac progenitors, likely
by lateral inhibition. Subsequently, N activity is needed to promote
pericardial cell fates in asymmetric cell division of the early progenitors.
Although the last division step is in many cases a symmetric division
(Ward andSkeath,2000;Alvarezet al., 2003), thedata fromMandal et al.
(2004) (concerning OPCs) and Albrecht et al. (2006) (concerning OPCs
and TPCs) seem to indicate that the majority of cardiac cell types is
generated by asymmetric cell divisions segregating cardiac and
pericardial fates. This might occur in some cases at one of the earlier
division steps of theprogenitor(s). Sinceourdata indicate the generation
of FCMs from the dorsal mesoderm, as reﬂected by co-expression of Tin
and Lmd in stage 12 embyos, it might be suggested that dorsal FCMs
originate from dorsal competence domains which also give rise to the
above mentioned cardiac progenitors. These progenitors divide
asymmetrically to generate CBs and PCs analogous to FC/AMP sibling
pairs from more lateral competence ﬁelds, while we propose that all or
someof the remaining cells of the competence domains begin to express
Lmdandgenerate FCMsunder instructive inﬂuence ofN signaling. In the
absence of Lmd function (either in wild type in the N active daughter
cells of the progenitors, or in lmdmutant embryos in all N active cells of
the competence domains), the N signal promotes non-myogenic cell
fates according to the mesodermal context (i.e. dorsal vs. lateral
mesoderm). This would then result in the differentiation of the non-
segregating population (normally developing as FCMs) as PCs in the Tin
domain and AMPs in the somatic mesoderm.
Lame duck and Zfh1 act antagonistically in mesodermal cell
fate decisions
While loss of Lmd function results in an increased number of Zfh1-
positive cell types, overexpression of Lmd leads to the opposite
phenotype. We used the pan-mesodermally active twi-Gal4 driver
line to induce Lmd expression in the whole mesoderm and observed a
reduction of OPCs, TPCs and AMPs (Figs. 5C, E, I and K, and data not
shown). To assess whether pericardial cell reduction might be a
secondary effect of the early Tin repression caused by ectopic Lmd
activity, we also utilized the later and cardiac speciﬁc handCA-Gal4
driver, which is active in the heart from stage 12 onwards. At this time
point, the OPC precursors are already speciﬁed (Ward and Skeath,
2000) and are no longer expressing Tin. Since handNLmd over-
expression severely reduces the number of all pericardial cells, we
conclude that their reduction is not only a secondary effect of the
narrower Tin domain in embryos overexpressing Lmd (Figs. 5A and B).
To further conﬁrm this conclusion, we compared the phenotype of
zfh1mutant embryos with embryos overexpressing Lmd. The number
of OPCs and TPCs is also reduced in zfh1 mutant embryos quite
similarly to embryos overexpressing Lmd (Figs. 5C–F and I–L, and
Table 1), although the early Tin expression pattern is normal in the
absence of Zfh1 function (Broihier et al.,1998 and data not shown). It is
therefore unlikely that Lmd acts negatively on Zfh1 expression only by
reducing Tin expression, but rather also independently of Tin function.
There are however important differences in the phenotypes of
twiNLmd and zfh1 mutant embryos. Zfh1 appears to be involved in
maintaining, but not in speciﬁcation of OPCs, because it has been
observed that loss of Zfh1 does not affect the number of OPC precursorsat stage 13, but rather leads to a decrease of OPCs at later stages (Johnson
et al., 2007 and data not shown). This is in contrast to a reduced
number of OPC precursors in stage 13 embryos overexpressing Lmd
(Figs. 5G and H). Therefore, Zfh1 repression alone can not account for
the loss of PCs in embryos ectopically expressing Lmd. Instead, it might
be that the reduction of the dorsal Tin domain by ectopic Lmd
expression results in the speciﬁcation of fewer OPC precursor cells,
followed by further reduction of the remaining OPCs by the negative
effect of ectopic Lmd on Zfh1 expression. Consistently, we observed a
much stronger reduction of OPCs after ectopic expression of Lmd (∼0.35
fold, Table 1) as compared to the loss of OPCs in zfh1 mutant embryos
(Johnson et al., 2007: ∼0.87 fold). The observation that loss of Lmd
function leads to the appearance of TPCs that do not express Zfh1, but
Prc as a marker of pericardial differentiation, is another hint that both
effects occur independently of each other and that pericardial
differentiation can be accomplished in the absence of Zfh1 in lmd
mutant embryos (see Figs. 1B and H, and Fig. 4H).
Taken altogether, it does not seem likely that Tin and Zfh1 act in an
epistatic hierarchy in dorsal mesodermal cell fate decisions. Instead,
our data support the conclusion that Lmd regulates OPC and TPC
number by two independent mechanisms: (1) Initially, Lmd restricts
the cardiac ﬁeld in general through repression of Tin, which leads to
the reduction of early OPC precursors and the elimination of Tin
expression in cells that do not express Zfh1 (which can differentiate as
TPCs, as indicated by Prc expression, in the absence of Lmd function).
(2) Later, it represses Zfh1, thereby reducing further the number of
OPCs and TPCs. This is consistent with previous ﬁndings which
described Zfh1-dependent and Zfh1-independent mechanisms for the
regulation of OPC and TPC number (Johnson et al., 2007).
Of note, itwaspreviously shown that Zfh1 overexpression leads to an
increase in pericardial cell number (both OPCs and TPCs) and a
concomitant loss of dorsal somatic muscle cells, indicating that
overexpression of Zfh1 phenocopies the pericardial hyperplasia in lmd
mutant embryos (Johnson et al., 2007). We were able to show further
that overexpression of Zfh1with the twist-Gal4 or 24B-Gal4 driver leads
to an increased number of AMP like cells in the dorsal mesoderm
although the effect is rather weak when compared to lmd mutant
embryos (Figs. 5M and N). Zfh1 overexpression does not however alter
the pattern of Lmd expression, indicating that Zfh1 does not antagonize
Lmd function at the transcriptional level (data not shown). To verify
whether Zfh1 has an inﬂuence on Lmd at the posttranscriptional level,
we analyzed the intracellular distribution of Lmd in embryos over-
expressing Zfh1, because Lmd function has been shown to bemodulated
by its subcellular localization in wild type embryos (Duan and Nguyen,
2006). In embryos overexpressing Zfh1, the subcellular localization of
Lmd does not appear to be altered (data not shown), suggesting that
Zfh1 does not inﬂuence the subcellular distribution of the Lmd protein.
Taken together, our data indicate that Lmd and Zfh1 have generally
opposite effects on dorsal mesoderm differentiation: Lmd loss-of-
function or Zfh1 gain-of-function leads to increased AMPs or PCs,
whereas Lmd gain-of-function and Zfh1 loss-of-function reduce these
cell types. Consequently, Lmd and Zfh1 can be considered to be
functional antagonists, although their repression is not mutual. One
possible explanation for the antagonistic effect of Zfh1 overexpression
might be due to its direct negative inﬂuence onmef2 expression, which
was shown by Postigo et al. (1999), thereby counteracting the mef2
activating function of Lmd (Duan et al., 2001). The vertebrate functional
orthologue of Zfh1, ZEB2 (or Sip1), also inhibits myotube development
in culture and represses anumberofmyogenic genes (Postigo andDean,
1997), and is able to rescue Zfh1 function inDrosophila (Liu et al., 2006).
Lmd is instructed to restrict Tin expression by a late, pro-myogenic Dpp
signal
While in wild type embryos Tin expression is repressed in cells
destined to become dorsal FCMs between stages 12 and 13, there is a
Fig. 6. dppd6 mutant embryos display prolonged co-localization of Tin and lmd mRNA. (A) Stage 13 wild type embryo stained for Tin protein and lmd mRNA. Tin and lmd mRNA are
exclusively localized to PCs and FCMs, respectively. (B) Same staining as in A in stage 13 embryos mutant for dppd6 reveals that lmd mRNA and Tin protein are co-localized in
pericardial cells (arrowheads, inset), as is the case in embryos mutant for lmd (compare Fig. 3F). Insets show single optical sections to ascertain co-localization.
453J. Sellin et al. / Developmental Biology 326 (2009) 444–455prolonged co-localization of Tin and lmd mRNA in cells of the dorsal
mesoderm in lmd mutant embryos (Figs. 3C–F). As a consequence,
dorsal FCMs adopt pericardial cell fates in the absence of Lmd function
(see above). Of note, this effect can also be observed in embryos
carrying the dppd6 disk region mutation (Figs. 6A and B). These
embryos lack a late Dpp signal (beginning at about stage 12) that is
involved in pericardial restriction (Johnson et al., 2003). Early Dpp
signaling does not seem to be affected since the dorsal mesoderm
(characterized by Dpp-dependent Tin expression) is normal in dppd6
mutant embryos. Quite contrary to embryos with otherwise decreased
Dpp signaling and a reduced pericardial ﬁeld, such asmad1–2 embryos,
the dppd6 mutant embryos display a pericardial hyperplasia pheno-
type that resembles in many aspects the phenotype observed in lmd
mutant embryos. Toomany OPCs, TPCs and atypical TPCs without Zfh1
expression are also detected, although the dppd6 mutant phenotype is
milder than the lmd mutant phenotype (Johnson et al., 2007). This
resemblance in phenotypes suggested an epistatic relationship of Lmd
and the late Dpp signal. In addition, Johnson et al. (2007) had traced
the accumulation of phosphorylated Mad (pMad) in PCs and cellsFig. 7. Model of Lmd function in mesodermal cell fate decisions. Heart and somatic meso
primordium is characterized by the expression of Tin at early stages (“Tin domain”), while in
Twist domain, lateral inhibition leads to the development of FCs (blue, N inactive) and AMPs
cells stay N active, express Lmd and develop as FCMs (red; black outline indicates Lmd expres
signaling in this domain ﬁrstly restricts the number of all cardiac progenitors (supposedly by la
show that FCMs (red) develop also from the Tin domain, probably from the pool of uncommi
loose Tin expression and express Lmd instead. If Lmd function is lost, downregulation of Tin
the generation of additional PCs in the Tin domain. The cells destined to become FCMs are co
somatic mesoderm, the cells destined to develop as FCMs adopt AMP like characteristics ins
dorsal FCMs depends on Lmd function as well as on a late Dpp signal which is lost in dppd6mu
circles indicate Lmd positive cells). However, the Lmd positive cells from the Tin domain do n
(green) as in embryos mutant for Lmd. However, the somatic mesoderm is not affected by thwithin the dorsal musculature that are not positive for founder
speciﬁc Kr or Eve expression, and hence are likely to be FCMs.
Altogether, these ﬁndings lead us to hypothesize that Lmd might be a
target of the late Dpp signal in FCMs. However, Lmd is expressed in a
normal pattern (both at the mRNA and protein levels) in dppd6mutant
embryos, indicating that Lmd expression is independent of Dpp
signaling (Figs. 6A and B, and data not shown). Nevertheless, co-
staining with anti-Tin antibody revealed a prolonged co-localization
of Tin and lmd mRNA in dppd6 mutant embryos until stage 14/15, as
observed in lmdmutant embryos (compare Fig. 6B with Fig. 3F, insets),
suggesting a requirement for late Dpp signaling in the process of
pericardial restriction by Lmd. To assess if the restrictive inﬂuence of
late Dpp signaling on Tin expression is indeed relayed by Lmd in the
dorsal mesoderm, or if both negative effects are independent of each
other, we enhanced the late Dpp signal in the lmdmutant background.
For this purpose, we utilized the leading edge driver LE-Gal4 to
overexpress Dpp, which was shown to reduce the number of OPCs and
TPCs in the wild type background (Johnson et al., 2007). We reasoned
that this effect would be lost in lmd mutant embryos if Lmd isderm develop from the dorsal and lateral mesoderm, respectively. Dorsally, the heart
the lateral mesoderm, prolonged Twi-expression is observed (“Twist domain”). In the
(yellow, N dependent in asymmetric cell division), while the remaining, uncommitted
sion). From the Tin domain, cardioblasts (white) and pericardial cells (green) develop. N
teral inhibition), later is needed to promote PC fate in asymmetric cell division.We could
tted, N active cells left over after lateral inhibition. The FCMs from the dorsal mesoderm
expression (and of Zfh1 expression, compare main text) does not take place, resulting in
nverted to PC fate, resulting in a pericardial hyperplasia in lmdmutant embryos. In the
tead when failing to express Lmd (ectopic AMP like cells, orange). Repression of Tin in
tant embryos. In these animals, Lmd expression is normal compared towild type (black
ot loose Tin expression (neither Zfh1 expression) and do not develop as FCMs, but as PCs
e dppd6 mutation and Lmd expressing cells develop as FCMs (red) in the Twist domain.
454 J. Sellin et al. / Developmental Biology 326 (2009) 444–455responsible for the restricting effect on PC number. We counted the
number of OPCs in LENDpp; lmd embryos in comparison to lmd
mutant embryos.While overexpression of Dppwith the LE-Gal4 driver
in the wild type background led to a reduction of OPCs by ∼1.2-fold,
no reduction of OPCs was observed in the lmd mutant background
(Table 1), indicating that Lmd is indeed necessary to interpret the late
Dpp signal as pro-myogenic. Altogether, our data suggest that the pro-
myogenic effect of the late Dpp signal is Lmd dependent, although not
by inducing Lmd expression. Instead, the presence of Dpp activity
seems to be a prerequisite for the negative inﬂuence of Lmd on Tin
expression and might act as an instructive signal to modify Lmd
activity to allow repression of Tin. If the late Dpp signal is lost - as is
the case in embryos carrying the hypomorphic allele dppd6 - repression
of Tin fails even in the presence of Lmdprotein, indicating that repressive
activity of Lmd is dependent on Dpp signaling.
Here, we propose a model inwhich the subdivision of the early Tin
positive primordium into pericardial and dorsal muscle tissues is
mediated via the antagonistic action of Lmd and Zfh1 under the
instructive inﬂuence of late Dpp signals. While the early function of
Dpp restricts Tin expression to the dorsal mesoderm (Frasch, 1995),
subsequent Dpp signaling provides pro-myogenic input to modulate
the pericardial ﬁeld in favor of the dorsal musculature (Johnson et al.,
2007). Our present data show that the function of this late Dpp signal
requires Lmd activity, strongly suggesting that Lmd is a target of Dpp
for establishing the boundary between the dorsal musculature and
pericardial ﬁeld (summarized in Fig. 7). Repression of Tin also appears
to be dependent on Dpp signaling. The previous observation that
pMad accumulation occurs in PCs and dorsal muscle cells, which are
likely to be FCMs (Johnson et al., 2007), is consistent with our ﬁnding
that Lmd is needed to relay the pro-myogenic function of late Dpp
signaling. These cells originate from the Tin-expressing dorsal
mesoderm, and co-expression of Tin and lmd mRNA in wild type
embryos at stage 12 can be observed (Fig. 3C). In the presence of Lmd
protein, this co-expression is not maintained after stage 12 due to a
repressive function of Lmd on Tin. Of note, it was previously shown
that Lmd function depends on posttranscriptional mechanisms that
modulate its speciﬁc subcellular localization and activity (Duan and
Nguyen, 2006), and it might be speculated that Dpp signaling is
involved in changing Lmd function into a repressive form. However,
we do not have evidence that the negative inﬂuence of Lmd on Tin
expression is of a direct nature, or if there are other factors that are
involved in the process. In this context, the following explanation for
the antagonistic effect of Zfh1 overexpression without repression of
Lmd could also be considered. Since the vertebrate homologue ZEB2
was shown to inhibit activation of target genes by Smads (Postigo et
al., 2003), an excess of Zfh1 might antagonize the late Dpp signal by
repressing pMad-dependent interaction partners of Lmd, thereby
preventing the repression of Tin (and/or other targets) in the dorsal
mesoderm. Lmd expression and function would not be affected
elsewhere which would be consistent with our observation that Zfh1
is not a general repressor of Lmd.
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